Hall effect on counter-helicity spheromak merging is experimentally investigated in a low-S * region, where S * is the ratio of plasma minor radius to ion skin depth. Direct measurement of magnetic field, ion flow, electron density revealed that Hall effect affect not only merging reconnection phase but also relaxation phase through formation of ion flow and current density profiles. Hall effect breaks the symmetry of the "case-O" and "case-I" counter-helicity spheromak merging, which are defined by combinations of poloidal flux and toroidal flux of initial spheromaks. Formation of toroidal current profile and radial outflow pattern are different in case-O and case-I during merging process, and that results in great difference of profiles of electron density after merging.
Introduction
A field-reversed configuration (FRC) [1] is an attractive configuration because of its high-beta. High-beta magnetic confinement is important for economical fusion reactor, and the simply-connected structure of an FRC enables to make a fusion reactor simple. The counter-helicity spheromak merging (CHSM) [2] [3] [4] is one of the method of creating an FRC, and it has an advantage that it can easily generate a large-flux FRC, compared with FieldReversed Theta Pinch (FRTP) method. Direct formation of an FRC by FRTP need high-voltage fast capacitor bank and fast formation time, while CHSM need middle-voltage capacitor bank because a spheromak can be made slowly by a magnetized coaxial plasma gun or a flux-core, and slow formation enables a plasma to get large poloidal magnetic flux. And it also contains some complicated phenomenon in the merging process, such as magnetic reconnection [5] and relaxation. In both phenomenon, it is considered or proved that Hall effect or the kinetic effect plays some important roles [6] [7] [8] [9] . In magnetic reconnection, it is known that Hall effect enhances reconnection rate, that is revealed by Particle-in Cell (PIC) simulations [10] or experiments [5] . And in theoretical predictions, high beta plasma is generated with strong ion flow by relaxation process [11] . Some experiments suggest that MHD is not related to the stability of an FRC [3, 8] , and ion flow through magnetic reconnection enhances the stability of an FRC [12] . However, in CHSM, the relationship between merging reconnection process and global structures of the formed FRC have not been investigated, especially in a author's e-mail: kaminou@ts.t.u-tokyo.ac.jp * ) This article is based on the presentation at the 25th International Toki Conference (ITC25).
condition that the Hall effect is strong. The index of Hall effect is S * , which is defined as the ratio between plasma characteristic length and ion skin depth, and Hall effect is strong in low S * plasma. Especially, it has not been investigated the formation process and difference between two cases of CHSM, where the difference can be strong in a low-S * condition. The two cases are called as "case-O" and "case-I", which are defined by combinations of a polarity of poloidal flux and toroidal flux [6] . Figure 1 shows schematics of CHSM method and two cases of CHSM. In CHSM, two spheromaks with opposite toroidal magnetic flux merge together, and then an FRC with no toroidal magnetic flux is generated. In this method, there exist two patterns of CHSM with the combinations of a polarity of Fig. 1 A schematic of counter-helicity spheromak merging method and an illustration of "case-O" and "case-I" counter-helicity merging [14] .
poloidal flux and toroidal flux. One is called "case-O", in which the plasma current is positive (poloidal magnetic flux is positive) and toroidal flux is positive at the +Z side, and toroidal flux is negative at the −Z side. The other is called "case-I", in which the plasma current is positive and toroidal flux is negative at the +Z side, and toroidal flux is positive at the −Z side. The reconnection plane is tilted to toroidal direction because both poloidal field and toroidal field reconnect, and the reconnection electric field and reconnection current have both toroidal and radial components. In the reconnection current sheet, E t and j t are negative (E t < 0, j t < 0) in both case-O and case-I, while E r and j r are negative (E r < 0, j r < 0) in case-O and positive (E r > 0, j t > 0) in case-I [13] . In plasma merging, the difference of the tilting direction of the reconnection plane between case-O and case-I breaks symmetry between the two cases because the merging plasma are tori [6] . The toroidal effect couples with Hall effect during merging process and that can affect global structure of a merging-formed FRC. However, the Hall effect on a formed FRC has not been investigated, while only reconnection process of CHSM has been studied in previous works [6, 13, 14] . In this paper, we investigated influences of Hall effect during merging on the formed FRC after merging, especially a relationship between merging process and formation of current and electron density profiles. device [4] and flux cores. Two flux cores are installed at each side of the vacuum vessel. They contain both poloidal coils (PF coils) and toroidal coils (TF coils), and they create spheromaks around them by swinging both PF coils and TF coils. After the PF coil currents are reversed, the two spheromaks are cut off by the flux cores, and pushed toward the center of the vacuum vessel (Z = 0 m). Then, the two plasma merge together by magnetic reconnection, and a single plasma is formed. The typical parameters are as follows: poloidal magnetic field B pol ∼ 20 mT, and electron density n e = 10 20 ∼ 10 21 m −3 , plasma current I p ∼ 30 kA. The electron temperature is about 5 ∼ 10 eV, and the ion ramor radius (r L ) is r L ∼ 10 cm at the separatrix. In this condition, ions are weakly magnetized (s = a/r L ∼ 2, a is the plasma minor radius.) and the Hall effect is strong (S * = a/l i ∼ 2, l i is the ion skin depth).
Experimental Setup
For measurement of two-dimensional profiles of magnetic field and current profile, 2D magnetic probe arrays were used. Magnetic field to z direction (B z ) were firstly measured in various R and Z positions, and then poloidal magnetic flux was estimated by the integration of B z (r, z) with the assumption of axisymmetry. Finally, radial magnetic field (B r ) was got from equation (2) .
For measurement of ion flow and electron density, A Mach probe and a Langmuir probe are installed at the midplane (Z = 0 m). A Mach probe can measure ion mach
) by comparing ion saturation current at upstream electrode ( j up ) and downstream electrode ( j down ).
K is a constant parameter, and we adopt K = 2.0 for weakly magnetized condition, which have been got by SSX experiment [15] . In this experiment, T i = T e is assumed because little electron or ion heating occurs in the condition that radiation loss is large and ions do not have gyro-motion with weak magnetic field. T e is measured by a Langmuir probe [14] . The Langmuir probe and the Mach probe can be swept shot-by-shot, and radial profiles of these quantities are got by assuming reproducibility.
Results & Discussions

Global structure of magnetic fields
We report relation between current profile formation and the Hall effect during merging process in this section. Figures 3, 4 show poloidal flux contour (poloidal magnetic field lines) and toroidal magnetic field in case-O/I CHSM measured by 2D magnetic probe arrays. In Fig. 3 (case-O) , the toroidal flux at +Z side is positive, and the toroidal flux at −Z side is negative. In Fig. 4 (case-I) , the toroidal flux at +Z side is negative, and the toroidal flux at −Z side is positive. In both figures, toroidal plasma currents are positive. Figure 5 shows time evolutions of X-point (during merging) and O-point of the formed FRCs (after merging), and the separatrix radius. In case-O, the X-point moves outward in the radial direction, and in case-I, it moves inward during merging. The direction of the movement of the X-point is same as the radial component of the reconnection current. In case-O, radial current in the current sheet is negative because the spheromak at the +Z side has positive toroidal magnetic field and the spheromak at the −Z side has negative toroidal magnetic field. And the di- rection of the X-point movement is outward. On the other hand, in case-I, radial current in the current sheet is positive because the spheromak at the +Z side has negative toroidal magnetic field and the spheromak at the −Z side has positive toroidal magnetic field. And the direction of the X-point movement is inward. Coupled with previous studies [16, 17] that Hall reconnection moves the X-point in the same direction as the reconnection current, it is assumed that the X-point moves both toroidal (negative) and radial (negative in case-O and positive in case-I) direction in this experiment. These results are consistent with previous experiment in MRX [6] . By the motion of the Xpoint, it is found that the toroidal current profiles during and after merging are different between case-O and case-I. Figure 6 shows the profiles of toroidal current density ( j t ) at Z = 0 m in case-O and case-I, which are measured by 2D magnetic probe arrays. The direction of plasma current of the initial spheromaks are toroidally positive ( j t > 0). These are same characteristics and difference between case-O and case-I. The same characteristic is current sheet position during reconnection (t = 370 µs). Current sheet peak is located on R ∼ 0.45 m and the X-point is R ∼ 0.5 m at t = 370 µs in case-O, while the current sheet peak is located on R ∼ 0.45 m and the X-point is R ∼ 0.4 m at t = 370 µs in case-I. Thus, the same characteristic is that the current sheet peak shifts to the opposite direction to the motion of the X-point. However, current profile after merging has difference between case-O and case-I. Hollow current profile is formed just after merging completion (t = 390 µs) in case-O. After that, the current profile relaxes to broad profile (t = 410 µs). On the other hand, in case-I, the current profile after merging is sharply peaked (t ≥ 390 µs). During merging, positive current arises at the inboard side of the X-point, and this is caused by the compression of the poloidal magnetic field (B z ) by the inward displacement of the X-point (t ≤ 380 µs). The inward displacement of the X-point enhances the magnetic pressure of the poloidal magnetic field in case-I, and then the strong gradient of poloidal magnetic pressure makes positive toroidal current at the inboard side of the X-point (during merging) or O-point (after merging). At the outboard side, magnetic pressure becomes weak, and positive toroidal current is suppressed. In case-O, compression of poloidal magnetic pressure is not strong because the direction of the X-point motion is outward and the outboard side. Instead, the X-point motion makes the separatrix larger. Thus, it is concluded that the hollow current profile in case-O and the peaked current profile in case-I after merging is derived from the Hall effect in the merging process.
Flow and density profiles
To investigate influences of Hall effect on flow formation during merging and density profiles after merging, we measured radial profiles of radial ion flow, electron density, and electron temperature by a Mach probe and a Langmuir probe (a triple probe) at Z = 0 m. We found that ion flow caused by reconnection is strongly biased to one side, and the direction depends on the polarity of the reconnecting toroidal magnetic flux. Figure 7 shows radial profiles of radial ion flow at Z = 0. In case-O, radial flow is strong in negative direction. The flow is strongly negative at the inboard side of the X-point (R < 0.5 m), and weakly positive at the outboard side of the X-point. On the other hand, in case-I, radial flow is strong in positive direction. The flow is weakly negative at the inboard side of the X-point (R < 0.4 m), and strongly positive at the outboard side of the X-point. Thus, ion acceleration was observed during the merging process, and this acceleration seems to be strongly related with Lorentz force ( j × B), which is modified by the Hall effect. Figure 8 shows the time evolution of Lorentz force calculated by radial profiles of toroidal current and poloidal magnetic field from equation (4). (
During merging (t ≤ 380 µs), the sign of j t B z is negative in almost all region in case-O. This is because the magnetic field (B z ) is compressed in the outboard side of the X-point by the displacement of the X-point which is caused by the Hall effect, and then the compressed poloidal magnetic field makes positive toroidal current. At the inboard side of the X-point, the displacement of the X-point enhances magnetic tension and negative toroidal current. Therefore, the j t B z force is negative and reconnection outflow is mainly accelerated to inward. The negatively biased radial ion outflow pattern in case-O seemed to be caused in this way. On the other hand, in case-I, the j t B z force is positive in almost all region during reconnection. This is because the magnetic field (B z ) is compressed in the inboard side of the X-point by the inward displacement of the X-point which is caused by the Hall effect, and then the compressed poloidal magnetic field makes strong positive toroidal current. At the outboard side of the X-point, the displacement of the X-point enhances magnetic tension and negative toroidal current. Therefore, the j t B z force is positive and reconnection outflow is mainly accelerated to outward. The positively biased radial ion outflow pattern in case-I seemed to be caused in this way. Electron density profile after merging completion also has strong relationship with the Hall effect. Figure 9 shows time evolution and radial profiles of electron density at Z = 0 m in case-O and case-I. The solid red line shows a separatrix radius of the plasma at Z = 0 m, and the dashed red line shows the X-point of the magnetic reconnection (during merging) and O-point of the formed FRC (after merging). In case-O, the electron density peak moves inward, and it is trapped inside the separatrix. On the other hand, the electron density peak moves outward and it is not trapped inside the separatrix. It is assumed that the bulk ions moves with the radial ion flow generated during the merging process, and large inertia of the ions enabled to leave the flow pattern after merging. Thus, these results demonstrated that the Hall effect during merging affects not only reconnection process but also profiles of density profile and global magnetic field profile of a merging-formed FRC.
Summary
Influences on formation of flow, current profile, and electron density profile by the Hall effect in the formation process of a merging-formed FRC in a low-S * condition was investigated through comparing two cases of counterhelicity spheromak merging. In the TS-4 experiment, it was observed that the X-point in case-O merging moves outward, and the X-point in case-I merging moves inward. The X-point movement generates compression of poloidal magnetic pressure, and then the Lorentz force by this effect produces strong bias of the radial outflow, which affects electron density profile after merging completion. It was also found that hollow current profile is formed in case-O, and peaked current profile is formed in case-I at merging completion period. It is concluded that the current profiles and flow patterns formed by Hall reconnection in merging phase has large influence on global electron density profile of formed FRCs after merging completion.
